that are implicated in the pathogenesis of fibrotic diseases in diverse organs including liver, lungs, skin, and kidneys [1] [2] [3] [4] [5] . CD45 + Col + fibrocytes possess dual characteristics of hematopoietic cells and fibroblasts, and are capable of differentiating into myofibroblasts [1, 6] . Fibrocytes have been reported to contribute between 5% and 25% of the myofibroblasts in different types of experimental and clinical organ fibrosis [5] .
In addition to the target organ, recruitment of CD45 + Col + fibrocytes to spleen has been documented during liver [7] and kidney fibrotic injury [8] , but the biological significance of this splenic population of cells is not understood. CD45
+ Col + cells are capable of differentiating according to their microenvironment, giving rise to different subtypes of fibrocyte-like cells, which have distinct roles during tissue repair and fibrosis [9] . For example, CD45 + Col + fibrocytes have been reported to function in antigen presentation and priming of T cell responses [10, 11] . Fibrocytes are also linked to inflammatory responses in colitis and bronchial asthma [12, 13] , where they acquire an organ-specific phenotype (e.g., round shape). Moreover, a population of CD45 + monocytes, but rapidly obtain a spindle-like shape in culture, and in response to TGF-β1, differentiate into (myo)fibroblasts (submitted). Thus, a growing body of evidence suggests that fibrocyte function is not limited to inducing fibrosis in injured organs.
While the contribution of fibrocytes to wound healing and fibrosis has been extensively studied, our present study examines the functional properties of CD45 + Col + cells in the spleen. We demonstrate that a splenic population of CD45 + Col + cells possesses fibrocyte-like features and is recruited from the BM to the spleen in response to lipopolysaccharide (LPS), bacterial infection, or the release of the fibrogenic cytokine TGF-β1. In the spleen, these cells adopt a myeloid cell phenotype and gene expression pattern consistent with a role in the immune response. Further analysis reveals that splenic fibrocyte-like cells possess additional functions, causing direct antimicrobial activity through release of DNA-based extracellular traps and serving as antigen-presenting cells (APCs) to stimulate adaptive immune responses. Finally, under further stimulation from growth factors, the CD45 + Col + cells downregulate collagen expression and acquire cell markers and phenotypes consistent with terminally differentiated macrophages or dendritic cells.
Materials and methods
Mice C57BL/6, B6.SJL-Ptprc a Pepc b /BoyJ (CD45.1 + ) mice were purchased from the Jackson Laboratory (Bar Harbor, ME, USA). C57BL/6-Tg(TcraTcrb)1100Mjb/J (OT-I), C57BL/6-Tg(TcraTcrb)425Cbn/J (OT-II), C57BL/6-Tg (ACTB-OVA)916Jen/J, and B6.C-H2 bm1 /ByJ (bm1) were kindly provided by Dr. Schoenberger (La Jolla, CA, USA). Collagen α1(I)-GFP mice were generated [14] . BMT chimeric Col-into-wt mice were generated by transplantation of collagen-α1(I)-GFP BM into lethally irradiated (1, 200 Rad) C57BL/6 wild-type mice [7] . Mice were maintained and studied at the University of California San Diego and the La Jolla Institute of Allergy and Immunology under the guidelines and approved protocols of the respective Institutional Animal Use and Care Committees.
Liver injury Liver injury was induced in mice by i.p. injections with carbon tetrachloride CCl 4 (1:4 dilution in corn oil, 60 μl×14 injections [15] . Splenectomy was performed as described [16] .
Flow cytometry Cell sorting of CD45 + GFP + cells was performed on a MoFlo (Beckman Colter, Fullerton, CA, USA). Phenotyping of BM and spleen was performed on Canto (BD Bioscience Flow Cytometry Systems, BD, San Jose, CA, USA). Antibodies used in this study are listed in the Supplementary Methods (eBioscience, San Diego, CA, USA).
Fluorescent and electron microscopy Fluorescent microscopy was performed on cryosection from tissues fixed in 4% PFA and 30% sucrose. Electron microscopy was performed as described ( [17] see Supplementary Methods) and viewed using a JEOL 1200EX II (JEOL, Peabody, MA, USA) transmission electron microscope and a Gatan digital camera (Gatan, Pleasanton, CA, USA).
Whole mouse genome gene expression microarray Splenic CD45 + Col + cells from LPS (6 μg/g)-treated mice, quiescent B-1 cells from peritoneal lavage, and quiescent and activated macrophages from thioglycollate-stimulated mice (Supplementary Methods) were compared using whole mouse genome microarray (Agilent, Santa Clara, CA, USA). Total RNA was isolated using RNeasy columns (Qiagen, Valencia, CA, USA), labeled, and hybridized to a Microarray 4x44K 60 mer slide. Slides were scanned using the Agilent GZ505B Scanner and analyzed using the Gene Spring Software (Agilent).
In vivo infection with Listeria monocytogenes Col-into-wt mice were intravenously infected with L. monocytogenes (strain 10403s, 4×10 6 cfu). Twenty-four hours later, liver, spleen, and kidney were removed and evaluated by fluorescent microscopy or homogenized and plated to enumerate bacterial colony-forming units. The results are shown as surviving colony-forming units per well±SEM.
In vitro bacterial killing assay Splenic CD45 + Col + cells from LPS-treated mice (1×10 6 ) were co-cultured in DMEM 5 cells/ml) or peritoneal macrophages incubated with FITClabeled Escherichia coli (K-12 BioParticles) or flouro-ruby dextran (tetramethylrhodamine 10,000 MW, Invitrogen), at 37°C, followed by a fluorescence quenching of extracellular fluorescence with trypan blue. Phagocytic activity was evaluated by flow cytometry or fluorescent microscopy.
Statistical analyses
Quantitative results are expressed as mean±SEM. The Student's t test was used to determine the significance of differences between means. Statistical significance was estimated at p<0.05.
Results

Fibrogenic injury triggers migration of CD45
+ Col + cells to liver and spleen CD45 + Col + fibrocytes were studied in chimeric Col-into-wt mice, which were generated by transplantation of collagen α1(I) promoter/enhancer-GFP + BM into lethally irradiated wild-type mice [7] . Hepatic fibrosis was induced in these mice by CCl 4 (14 injections/8 weeks; Fig. 1a ). Monitored by GFP expression, CD45 + Col + fibrocytes were detected in fibrotic liver and gallbladder, omentum, lungs, and kidneys of CCl 4 -treated mice (Fig. 1a) . Remarkably, the greatest numbers of these CD45 + Col + cells homed to the spleen and lymphoid aggregates in fat. CCl 4 liver injury caused expansion of CD45 + Col + population in the BM (increasing from 0.1% to 1.3% of total BM cells) and migration to the spleen (increase from 0.0% to 4.1% of total splenocytes; Fig. 1b ). Splenic Col + cells exhibited a round shape and coexpressed CD45. However, similar to fibrocytes, these cells in culture rapidly obtained a spindle-like shape ( Fig. 1c and Fibrogenic liver injury is associated with the release of fibrogenic cytokines and endogenous bacterial products [15] . Consistent with this, treatment of Col-into-wt mice with LPS (6 μg/g) or with TGF-β1-expressing adenovirus (1×10 8 pfu) induced rapid (within 72 h) migration of CD45 + Col + cells to spleen (Fig. 2a) , where they localized between the red pulp (RP) and germinal center (GC) and contributed 0.7±0.2% and 1.3±0.6% of total splenocytes, respectively (Fig. 2a) . Meanwhile, only single CD45 + Col + cells were detected in the liver (Fig. 2a) , the organ primarily targeted by adenoviral infection (e.g., hepatocytes). Thus, our data suggest that CD45 + Col + cells may traffic through spleen. Splenic homing of BM-derived fibrocyte-like cells was also demonstrated in the context of live bacterial infection (Fig. 2b) . Col-into-wt mice were infected with L. monocytogenes, a Gram + bacterial pathogen that infects liver and spleen and causes mobilization of inflammatory monocytes [18] . Recruitment of CD45 + GFP + fibrocyte-like cells to spleens and livers (but not to kidneys) of Col-into-wt mice was detected 24 h after Listeria infection, and directly correlated with the bacterial load, indicating that infection triggered a proportional migration of fibrocyte-like cells to the target organs (Fig. 2b) . Fig. 3a) , where they express myeloid markers CD11b (89±7%), Gr-1 (58±8.5%), and F4/80 (47± 4%), but lacked maturation markers (CD11c, CD14, and CD68; Fig. 3b, c) . On the other hand, multiple LPS injections induced homing of CD45 [1, 19] , and the ability to differentiate into myofibroblasts in culture and in response to TGF-β1 (Fig. 1c) 
Col
+ cells possessed similar morphology characterized by numerous intracellular vacuoles and dilation of endoplasmatic reticulum (ER) and the Golgi region [20] , indicating extensive protein synthesis (Fig. 3d) + Col + cells were purified from spleens of LPS-treated Col-GFP mice and compared to quiescent and activated macrophages and B-1 cells (to define a set of "macrophage-specific" genes). Using a threshold defining confident detection of gene expression, splenic fibrocytelike cells expressed genes that are preferentially found in quiescent and activated macrophages, sharing expression of 459 mRNAs with quiescent macrophages and 393 mRNAs with activated macrophages (Fig. 4a) . This set of genes was enriched in Gene Ontology biological process annotations linked to inflammatory responses, chemotaxis, wound healing, and antigen presentation (Fig. 4b and Supplementary Table S1 ). Similar to fibrocytes, splenic CD45 + Col + cells retained expression of lineage-specific differentiation markers (CD11b, Gr-1) and progenitor markers (CD34, Thy-1) at a much higher level than macrophages; they lacked markers of maturation (CD68) but expressed fibroblast-like genes (collagen 1α1, collagen 7α1, collagen 11α2, and collagen 14α1 and induced TGF-β1; Supplementary Table S1 ). Analysis of the gene expression profile was confirmed for selected genes by reverse transcription-polymerase chain reaction (RT-PCR; Fig. 4c ) and implicated splenic
CD45
+ Col + fibrocyte-like cells in transmigration, antimicrobial responses, and antigen presentation (Supplementary Table S1 and Reference 1). First, expression of mRNAs encoding S100A9/A8, CD11b, ICAM-1, ICAM-2, VCAM-1, β-integrins, proteoglycan 2, RAGE, CD36, and mannose receptor genes suggest that splenic fibrocyte-like cells are capable of transmigration from the blood stream [21] Fig. 5b ). Cathelicidin is a critical effector of mammalian innate immunity against invasive bacterial pathogens including L. monocytogenes [18, 22] . Extracellular traps are a mechanism recently demonstrated in neutrophils, mast cell, eosinophils, and macrophages to entrap and kill bacteria [24] [25] [26] [27] . Thus, formation of DNA traps was observed in 31±10% of splenic CD45
+ Col + cells incubated with L. monocytogenes (summarized in Fig. 5e ). Even higher number of splenic CD45 + Col + cells (65±17%) released extracellular DNA in response to phorbol 12-myristate 13-acetate (PMA), a strong inducer of extracellular traps in neutrophils and macrophages [28] . In addition to secreted and DNA-bound mCRAMP, the cathelicidin peptide was expressed in the cytoplasm of splenic CD45 + Col + cells (Fig. 5b) . Moreover, the presence of histones and, uniquely, collagen Type I was detected in the extracellular traps generated by CD45 + Col + cells (Supplementary Fig. S3 ). Similar to neutrophils, formation of these traps was accompanied by death of splenic CD45 + Col + cells ("ETosis") [29] , determined by release of nuclear (vs. mictochondrial) DNA, required for their anti-microbial function (Fig. 5c) . Formation of extracellular traps by splenic CD45 + Col + cells was also associated with reduction of bacterial viability, as demonstrated by staining of live/dead bacteria (71±10%; Fig. 5d ) or by enumeration of colony-forming units (50±6%; Fig. 5d ). In comparison, B cells purified from the same tissues neither killed bacteria nor formed extracellular traps in the presence of L. monocytogenes or PMA (Fig. 5e) . Though non-phagocytic in comparison to neutrophils and macrophages [27] , our data suggest that splenic fibrocyte-like cells have a capacity to participate in innate antimicrobial responses through this extracellular killing mechanism. + (OT-I in bm1 background) cells into Act-mOVA/bm1 mice, which express β-actin-ovalbumin and bear MHC I (H2-K bm1 ) mutation. Since an H2-K bm1 mutation completely abrogated presentation of the OVA 257-264 peptide, adoptively transferred APCs were the only source of CD8 + OT-I bm1 cell proliferation ( Fig. 6a and Supplementary Fig. S4 ). As expected, DCs induced proliferation of OT-I bm1 cells in spleens, livers, and lymph nodes of Act-mOVA/bm1 mice. Splenic CD45 + Col + cells induced OT-I bm1 cell proliferation in spleen and liver, at~50% potency of DC, but not in the lymph nodes. Thus, splenic fibrocyte-like cells may contribute to adaptive immunity as non-professional APCs.
Interestingly, strong co-expression of mCRAMP (but not of an isotype-matched antibody control, not shown) was detected in 43±7% MHC II + splenic fibrocyte-like cells, suggesting that a single CD45 + Col + cell may acquire a phenotype for more than one function (Fig. 6b and Supplementary Fig. S5 ).
Splenic fibrocytes can further differentiate into macrophages or DCs mCRAMP and other cytotoxic peptides are usually expressed by terminally differentiated macrophages or other effector cells, which mediate their function via phagocytosis or formation of extracellular DNA traps [24, 27, 30] . Since splenic fibrocyte-like cells lack phagocytic activity (Fig. 5a ) and lack expression of macrophage or DCs markers (CD14 or CD11c; Fig. 3b, c) , they may comprise a population of myeloid progenitors (monocytes) that can further differentiate into fibrocytes and myofibroblasts (Fig. 1c) , or mature macrophages and/or mDCs [31] . To test this hypothesis, splenic CD45 + Col + cells were cultured in the presence of GM-CSF or M-CSF (Fig. 6c) . In response to GM-CSF, splenic fibrocyte-like cells downregulated expression of collagen α1(I) and differentiated into Col + Col + cell-derived macrophages was confirmed by flow cytometry and fluorescent microscopy (Fig. 6c) (Fig. 6d) . These studies indicate that splenic fibrocytes differ from macrophages and DCs, and their differentiation/maturation is associated with decreased collagen expression. [8] . These data are corroborated by the fact that fibrocytes can be outgrown from Gr-1 + splenic monocytes [32] . It has been proposed that fibrocytes differentiate according to their microenvironment, giving rise to different subtypes of fibrocytes, related to each other but playing distinct roles during tissue repair and [9] . Thus, fibrocytes cultured in serum-free conditions are implicated in immune response and tissue inflammation, in contrast to serum-cultured fibrocytes [9] [22, 27, [33] [34] [35] and Supplementary Reference 2). Some of them, such as lysozymes, complement 3, and myeloperoxidase, kill bacteria directly upon contact [36] or make conductive pores in bacterial membranes (such as cathelicidin and α-defensins) [22] [28, 37] . Despite a similarity in the expression of surface markers (CD11b, Gr-1, and F4/80), the presence of cytotoxic granules, and the ability to form chromatin-rich extracellular structures, splenic fibrocyte-like cells have characteristics that are different from neutrophils and macrophages. Unlike neutrophils, CD45 + Col + cells egress the BM only in response to injury or stress and have a short transit time in the bloodstream. Splenic fibrocyte-like cells lack phagocytic activity and maturation markers (CD68 and CD11c), but under appropriate stimuli can further differentiate into mature macrophages or DCs. Based on these characteristics, splenic CD45 + Col + fibrocyte-like cells may contribute to immune defense by supplying tissues with precursors of macrophages, dendritic cells, and/or effector cells with distinct antimicrobial activities [31] . Supporting this notion is the recent report linking tissue fibrocytes and circulating monocytes [38] .
Discussion
Cytoskeletal proteins and adhesion molecules may facilitate migration of fibrocyte-like cells It is unclear why splenic CD45 + Col + fibrocyte-like cells express collagen Type I and whether this expression is related to their function in acute immune responses. It has been suggested that hematopoietic cells develop specific machinery to migrate through the bloodstream. This includes expression of different types of intracellular or secreted matrix proteins, which together with adhesion molecules facilitate transmigration of circulating cells [39] . Thus, interaction with the ECM and adhesion is likely mediated in splenic fibrocyte-like cells by S100A9/A8, β-integrins, proteoglycan 2, and mannose receptors [21, 40] . For example, S100A9/A8 proteins (Calprotectins) mediate chemotaxis and transendothelial migration of myeloid cells to the site of inflammation, and restrict bacterial growth through metal chelation [41] . On the other hand, β-integrins and mannose receptors, which represent distinct families of collagen-receptors, contribute to cellular binding and migration through the collagen-rich stroma ( [21] and Supplementary Reference 1). We speculate that expression of collagen Type I and other collagens may facilitate migration and cytoprotection of splenic CD45 + Col + fibrocyte-like cells. In support of this concept, expression of matrix proteins, including collagens, has been reported in circulating monocytes and macrophages and appear to modulate cell-cell and cell-matrix interactions [42] . In addition, we demonstrated that splenic CD45 + Col + cells release collagen Type I into extracellular traps, suggesting that collagen may facilitate trap formation by providing a scaffold-like support.
In conclusion, here, we characterized a rapidly responding population of CD45 + Col + fibrocyte-like cells in the spleen that can participate in immediate innate immune defense, stimulate adaptive immunity as APCs, and regulate inflammatory responses in situ by terminal differentiation into macrophages or dendritic cells.
